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INVESTIGATING SHEAR-HEATING MODEL FOR LEUCOGRANITE GENERATION WITHIN
ARCHEAN BASEMENT, BLACK HILLS, SOUTH DAKOTA
Sheryl I. Stephenson
Dr. Stephen Allard
Leucogranites are common at continental collisional boundaries, (i.e.: the Black Hills, Central Maine Belt,
High Himalayas) suggesting a strong connection between deformation, metamorphism, and granite
generation. In the Black Hills a shear heating model is proposed for the Harney Peak Granite (Nabelek and
Liu, 1999; Nabelek et al., 2001) during final suturing of the Wyoming and Superior provinces (D3) at ca.
1715 Ma. Within the Little Elk terrane in the NE Black Hills, Archean basement gneisses are strongly
sheared during D3, and intruded by numerous leucogranites. The goal for this research is to determine
whether a shear heating model, similar to that proposed for the Harney Peak Granite, can be applied to the
leucogranites in the Little Elk terrane for the same tectonic event.
Field mapping at 1:8000 within the Little Elk terrane, identified numerous small cross-cutting leucogranitic
bodies including narrow dike-like bodies and more irregular-shaped, pluton-like bodies. The typical
leucogranites within the Little Elk terrane are grey weathering, pale-beige, fine-grained, granular, and
composed almost entirely of quartz, plagioclase, and K-feldspar, with minor biotite. The dike-like bodies
range from millimeter to centimeter in thickness, extend longer than several meters, and were mapped
across the entire Archean terrane. The slightly larger pluton-like bodies range from one to ten meters in
diameter and are commonly located in areas where the shear fabric has been folded by late shear-related
map-scale folds. These bodies, although lacking any shear fabric, show both evidence that they cut across
the fabric within the fold hinge as well as evidence that they may have been reoriented slightly with the
shear fabric, evidence for, a late-syntectonic relationship with the folding of the shear fabric.
The major-element geochemistry of the leucogranites and the Little Elk Granite plot along a linear trend on
the Alkali-Iron-Magnesium (AFM) diagram, which is consistent with the leucogranites having been derived
from the Little Elk Granite. The leucogranites are characterized by light-rare earth element depletion
relative to the Little Elk granite source. Light REE depletion contradicts general REE trends associated with
partial melting, however this anomalous behavior of light-rare earths is recorded quite frequently in felsic
melts, including leucogranites described elsewhere in the Black Hills (Nabelek and Glascock 1994). This
REE depletion and is regularly attributed to LREE harboring accessory minerals.
Because the LREE are often contained within accessory minerals that typically are refractory and not
included in melting reactions at minimum melt conditions, leucogranite melts typically do not include these
accessory mineral. This would also be true in shear-heating situations where the temperatures are subsolidus. Thin section analysis confirms that accessory minerals are absent to rare within the leucogranites
when compared with the Little Elk Granite. A low-temperature shear-heating model is consistent with the
less abundant accessory minerals, and the REEs they contain, supporting this method for leucogranite
generation within the Little Elk terrane.
Field and thin section observations, including the cross-cutting nature, migration into fold hinges, and lack
of shear fabric, support leucogranite intrusion syntectonic with the development of the D3 shear fabric with
the Little Elk terrane. Additionally, geochemical analysis comparing the leucogranites with the Little Elk
Granite, the host of both the shear fabric and the leucogranites, allow for the Little Elk Granite to be the
source for this melt. All these observations are consistent with a model that generates REE-depleted
leucogranites during low-temperature shear-heating of the Little Elk Granite.
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THE BLACK HILLS
SOUTH DAKOTA
• Uplift at ca. 65-55 Ma
• Proterozoic metasediments,
sills, and Archean rocks
• Reveals deformation
associated with collision of
Wyoming and Superior
provinces
• Intrusion of the Harney Peak
Granite (ca. 1715 Ma)

THE BLACK HILLS
SOUTH DAKOTA
• Two Archean terranes

Provide exposure that is
important in
understanding the
assembly of the North
American continent
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Stresses a strong
connection between
deformation,
metamorphism, and
granite generation

Leucogranites within Archean terrane
• numerous small cross-cutting leucogranites
– narrow dike-like bodies
– irregular-shaped, pluton-like bodies
Dike-like bodies
• mm-cm thick
• Extend longer than
several meters
• Entire Archean terrane
Pluton-like bodies
• m-10’s m in diameter
• located where the
shear fabric has been
folded by late shearrelated map scale
folds
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Shear Heating
• Energy during shear
produces melt
• Other studies recognize
granite emplacement
along shear zones
• Nabelek and lui (2004)
propose shear-heating
for Harney Peak granite
• Same shearing event
may have produced
leucogranites in LET

Alkali-Iron-Magnesium diagram (AFM)
eO

• Defines a boundary
between calcalkaline field and
the tholeiitic field

Tholeiitic

• Rocks in a linear
trend= single
magma series

Little Elk
Granite

• Felsic residual melt
tends to point
toward Alkali corner

Calc-alkaline

K20+Na20

Leucogranites

MgO

Geochemistry-Rare Earth Elements
• Rare earth
elements are
plentiful in
Earths crust
• “Rare” as they
are not found
as
economically
exploitable
ore deposits
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are depleted
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– Not recognized when identifying a rock
• LEG contains:
– Allanite
– Apatite
– Zircon
– Sphene
– Epidote

Allanite
• Calcium
• Calcium is
a large
cation
that
occupies
the A-sites
in allanite

Apatite

Phosphorus

• Phosphorus
• Stronium
• Vanadium
Vanadium

Strontium

Sphene
• Titanium

Zircon
• Zirconium
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• Our AFM diagram correlates the leucogranites, the Little Elk
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Questions?

Investigating Shear-Heating Model for Leucogranite Generation
in Archean Basement, Black Hills, South Dakota
STEPHENSON, Sheryl I., ALLARD, Stephen T.,Department of Geoscience, Winona State University, P.O. Box 5838, Winona, MN 55987, sstephenson11@winona.edu
GEOLOGIC SETTING

Figure 1: (Allard and Portis 2013)
Locations for the only Archean rocks exposed
between the Archean Wyoming Province and the
Superior Province, the Little Elk Terrane and the
Bear Mountain Terrane. Location of the much
younger Harney Peak is also shown.
The Laramide Orogeny uplift 75-35Ma (Bird
1988), exposed the rocks that participated in, and
were deformed during the Trans-Hudson Orogeny.
Remnants of the Archean Wyoming basement are
exposed in only two small areas in the Black Hills,
the Little Elk Terrane and Bear Mountain Terrane
(Gosselin et al. 1990) (Fig 1.). The Little Elk Terrane,
situated in the northeastern margin of the
Precambrian core, includes three diﬀerent
lithological units; two Archean aged rocks known
as the Biotite-Feldspar Gneiss (BFG) and a ﬁner
grained Little Elk Granite (LEG) (ﬁg. 2). These rocks
of the Little Elk Terrane are interpreted to be ~2.5
billion years old (Gosselin et al. 1988) and are
believed to have formed at a collisional subduction
boundary. For the purpose of this study, the BFG and LEG have been grouped as one, the LEG,
based on the research by Nicosia and Allard, (2014, this conference) who propose that these are
one rock type with diﬀerent levels of strain. The third lithological unit is composed of Proterozoic
meta-sediments. The Little Elk Terrane has shear fabrics interpreted to be the same age as the
ca. 1740-1715 Ma Dakotan tectonic zone (Allard and Portis, 2013; Allard, 2013) which is likely
the same shearing event Nabelek and Liu (1999) interpret as producing the Harney Peak granite.
Several tonalitic inclusions within the Little Elk Terrane have been recognized and are
interpreted to be the source rock for the Little Elk granite (Gosselin et al. 1990). However, across
the entire Little Elk Terrane there are also numerous leucogranite intrusions and their ﬁeld
relationship with the structures in the Little Elk Terrane support late-syntectonic intrusion during
the development of a ~1730Ma shear fabric (Schmidt & Allard, 2010; Allard &Portis, 2013).

Field mapping at 1:8000 within the Little Elk Terrane, identiﬁed numerous small cross-cutting
leucogranitic bodies including narrow dike-like bodies and more irregular-shaped, pluton-like bodies.
The dike-like bodies range from millimeter to centimeter in thickness, extend longer than several
meters, and were mapped across the entire Archean terrane. The slightly larger pluton-like bodies
range from one to ten meters in diameter and are commonly located in areas where the shear fabric
has been folded by late shear-related map-scale folds. These bodies show both evidence that they
cut across the fabric within the fold hinge as well as evidence that they may have been reoriented
slightly with the shear fabric, suggesting a late-syntectonic relationship with the folding of the shear
fabric.
The typical leucogranites within the Little Elk Terrane are grey weathered, pale-beige fresh,
ﬁne-grained, granular, and composed almost entirely of quartz, plagioclase, and K-feldspar, with
some samples including minor biotite. These leucogranites do not have a shear fabric like observed
in the Little Elk Terrane. Other than the two-mica content and the course-grained porphyritic texture
of the Little Elk Granite, the leucogranites are mineralogically similar to the their host rock, making
the Little Elk granite permissible as a source rock for the leucogranitic melt. Through geochemical and
thin-section analysis we explore the idea of the Archean host as the source for the leucogranite melt,
and whether the shear-heating model is probable.

Figure 3. A cross-cutting dike-like leucogranitc
body within the Little Elk Terrane.

SHEAR-HEATING

From ﬁgures 3-5 we can see the diﬀerent relationships that the leucogranites have to the
surrounding structure of the little Elk. These
are clearly late syntectonic melts as they do
not contain the shear fabric of the Little Elk
and the leucogranites also cross-cut this
shear fabric. The leucogranite shown In ﬁgure
5 is located in a fold hinge, which is a
common relationship in the Little Elk Terrane,
as compression from the shearing caused the
melt to move into dilational areas.

Leucogranites are a common feature at collisional boundaries, such as the
Black Hills, Central Maine Belt, and the High Himalayans, which stresses a
strong connection between deformation, metamorphism, and granite
generation (Nabelek and Liu, 2004). Through a series of thermo-tectonic
models, which includes decompression melting, enhanced radioactive
heating, enhanced mantle heat ﬂux, and shear heating models, they attempt
to explain the heat source for the generation of the Harney Peak granite,
located in the core of the Black Hills, South Dakota (Fig. 1). Leucogranites are
often interpreted to be generated from crustal thickening, which causes the
overlying sedimentary rocks to melt; however, Nabelek et al. (2001) argues
that crustal thickening alone does not yield enough heat to produce
leucogranitic magma. Recognizing the temporal relationship between
metamorphism in the area and emplacement of the Harney Peak granite
magma, he interpreted the granite intrusions to be syntectonic to
deformation. They conclude that shear heating during the Trans-Hudson
Orogeny (THO) 1780-1715 Ma (Gosselin et al., 1988; Redden et al., 1990; Dahl
et al., 1999) is more likely responsible for the heat required to generate the
melt that formed the Harney Peak granite. Therefore application of this
shear-heating model, similar to that proposed by Nabelek and Liu (1999) and
Nabelek et al. (2001) for the Harney Peak, is supported for the leucogranites in
the Little Elk Terrane during the same tectonic event.
Other studies have recognized the relationship between granitic melt
generation and emplacement along shear zones (Leloup et al. 1999), (Strong
and Hanmer 1981), and (Lopez-Moro et al. 2012).

METHODS

Structures within the Little Elk Terrane are well established from previous research (Raymaker and Allard, 2006;
Springstead and Allard, 2007; Schoolmeesters and Allard, 2009; Matzek and Allard, 2010; Schmidt and Allard, 2010;
Allard et al. 2009; Allard, 2010; Allard and Portis, 2013; Allard, 2013). Our research consisted of detailed mapping of
the locations of the leucogranites in Little Elk Terrane and detailed observations to their relationship with the
structure. Samples were collected from each category such as cross-cutting or concentrated in fold-hinges. Eleven
samples were crushed for geochemical analysis, including Rare Earth Element analysis and seventeen samples are
used for thin-section analysis. Little Elk granite geochemistry is from Nicosia (2014, this conference)
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Little Elk Granite
Leucogranite

This trace element discrimination
diagram divides the intrusive
settings of granites into four main
groups- Ocean ridge granites (ORG),
volcanic
arc
granites
(VAG)+collisional granitse (COLG),
within plate granites (WPG) and
within-plate granite+mid-oceanic
ridge. In this diagram our
leucogranites plot within the
VAG+Syn-collisional group, which
geochemically supports our ﬁeld
observations that the leucogranitic
melt is syn-collisional with the
development of the shear fabric.

Figure. 5. A leucogranite intrusion
cross-cutting the sheared Little Elk granite

Figure 4. A leucogranite that cross-cuts fabric
within a fold hinge

The goal for this research is to determine whether a shear heating model,
similar to that proposed by Nabelek and Liu (1999) and Nabelek et al. (2001) for
the Harney Peak, is supported for the leucogranites in the Little Elk Terrane
during the same tectonic event. We need to compare the leucogranites with
their host, the Little Elk terrane, as well as with Gosseli’s inclusions, which he
proposes are the source rock for the Little Elk Terrane to determine whether
what Gosselin mapped as inclusions are the same as the cross-cutting
leucogranites.

Inclusions-Gosselin
(1988)

Figure 6. [Nb-Y] Trace element discrimination diagram (Pearce et al. 1984).

Figure 2. (Gosselin et al. 1988) The
Little Elk Terrane, situated in
the NW margin of the
Precambrian core is split into
two diﬀerent Archean units;
the BFG and the LEG.
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Figure 7. A Plot of the rare earth elements within the Little Elk granite, leucogranites, and Gosselin’s inclusions . This plot includes one leucogranite
anomaly (sample number 102A) that is enriched in HREEs.

Figure 8. (Frost and Frost 2008) Modiﬁed Alkali Lime index
(NaO+K2O-CaO) Vs Si02.

This plot considers the amount of alkali
lime within a rock compared with silica
content to determine whether they are
calcic, calc-alkalic, alkali-calcic, or alkalic
and which rocks plot into the
leucogranite ﬁeld. This plot conﬁrms
that the rocks we are studying are
geochemically
classiﬁed
as
leucogranites,
whereas
Gosselin’s
tonalitic inclusions are geochemically
classiﬁed along with the Little Elk granite
into the calc-alkalic to alkalic ﬁeld. From
this plot, we can see that Gosselins
tonalitic
inclusions
are
not
geochemically similar to what we
perceive to be leucogranites. There is
one anomaly in Gosselin’s inclusions
that plots along the leucogranite
samples, which he may have
misinterpreted as a tonalitic inclusion.

Usually, silica-saturated melts would
This plot shows a linear trend of
follow a general trend of light rare
our collected samples, with the
earth element enrichment and heavy
leucogranites plotting toward the
rare earth element depletion. LREE’s
alkali-ﬁeld. Rocks on a linear
are not readily incorporated into
trend tend to deﬁne a magma
crystallizing minerals during crystal
series with the residual melt
fractionation and tend to stay within
plotting toward the alkali-corner.
THOLEIITIC
the residual magma, which is the
(Wilson, 1989). From ﬁgure we
opposite for heavy rare earth
know that the Little Elk granites
elements. This trend results in LREE
plot within the calc-alkaline ﬁeld,
enrichment and HREE depletion
so continued fractionation from a
within residual melts.
calc-alkaline melt to produce our
Our REE plot shows depletion of LREE
leucogranites is probable.
CALC-ALKALINE
in the leucogranite samples and enrichment in LREE in Gosselin’s inclusions. Upon further plots of HREE for
the leucogranites, we see that on a
smaller scale, the leucogranites are in
fact depleted in HREE also, apart from Figure 9. The AFM diagram for igneous rocks which deﬁnes a boundary
one anomaly (sample number 102A). between calc-alkaline ﬁeld and the tholeiitic ﬁeld (Kuno 1968).

Figure 10. (left) A map of the Little
Elk Terrane displaying stop
locations where our geochemistry
samples were collected for the
leucogranties and the Little Elk
granite. Gosselin’s stop locations
for his collected inclusion samples
are also displayed on the map.
As you can see, a large number of
our leucogranite samples were
collected within the mapped,
dilated fold-hinges.

Figure. 11a-f (right) Various
elements correlated to each
accessory mineral are plotted
against silica. These plots are to
compare the relative abundance
of each element between the Little
Elk Terrane, Gosselin’s inclusions ,
and the leucogranites.
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DISCUSSION

The general trend of the geochemistry within the leucogranite samples shows the majority of the leucogranites are depleted in light rare earth elements (LREE) such as Lanthanum
(La), Cerium (Ce), Praseodydium (Pr), Neodymium (Nd), and Samarium (Sm) when compared with the Little Elk Terrane. Gosselin’s inclusions are enriched in LREE compared to the
Little Elk granite samples. Our ﬁndings contrast the trends of normal partial melting, where the earliest melt produced are usually depleted in HREEs and enriched in LREEs. The
importance of certain accessory minerals in the distribution of LREEs between the melt and residual rock is documented by several studies (Schaltegger and Krahenbuhl, 1990; Zhao
and Cooper, 1993; Watt and Harley 1993; Ayres and Harris, 1997). Certain accessory minerals harbor a large amount of LREE in their crystal structure and the refractory nature of these
accessory minerals prevents a large proportion of LREE from contributing to a partial melt.
Petrographic analysis of the Archean Terrane rocks (Gosselin et al. 1988) documents the accessory minerals sphene, epidote, apatite, zircon, and allanite within the Little Elk
granite. Through petrographic analysis of the leucogranites we see that these accessory minerals are absent to very rare, so if these minerals did not melt , then it could explain the
depletion of LREE within the leucogranites. If this is the case, there should also be a depletion of the elements found in these minerals. To test this hypothesis, the elements found in
these accessory minerals were compared between the Little Elk granite and the leucogranites.

CONCLUSION

Field relationships and thin section analysis, including
the cross-cutting nature and lack of shear fabric, of the
leucogranites within the Little Elk granite are supportive
of intrusion syntectonic with the development of a
~1730 Ma shear fabric (Schmidt and Allard, 2010; Allard
and Portis, 2013). Our AFM diagram correlates the
leucogranites, the Little Elk Terrane and Gosselin’s
inclusions as one magma series, which supports our
theory of the Little Elk being a source for the
leucogranite. The correlation between the accessory
minerals present and the depletion of the LREEs they
habor, as well as the elements that they are comprised,
explains why the REE pattern in these leucogranites are
not enriched as is normal in partial melting. The ﬁeld
observations and geochemical analysis of the
leucogranites supports our theory that the leucogranitic
melt generated from shear-heating within the Little Elk
terrane, and that the Little Elk granite partially melted
and is the source of the leucogranites found intruding
into it.

